ulation of phagocytic cells [11, 13] . In later stages of infection, chronic activation of the complement system can result in acquired complement deficiency [14] . Antibody-mediated phagocytosis occurs via Fe receptors that are constitutively expressed in phagocytic cells [15] . Capsule-binding antibodies are potent opsonins, but effective antibody responses may not occur during infection because the capsular polysaccharide is poorly immunogenic and can induce antibody unresponsiveness [16] . Thus, phagocytosis is probably important for an effective immune response against C. neoformans but is dependent on opsonins that may not be available or may not be effective.
There has been renewed interest in the potential of antibody immunity for prevention [17] and therapy of infection [18] [19] [20] [21] . Antibody can enhance the efficacy of amphotericin B [22, 23] , fluconazole [24] , and 5-flucytosine [25] therapy in mice. Qualitative and quantitative deficiencies in the antibody response to C. neoformans have been described in patients with HIV infection [26, 27] . The exact mechanism by which capsule-binding antibodies mediate protection is unknown, but in vitro studies with murine J774.16 macrophage-like cells suggest enhanced macrophage antifungal efficacy as a potential mode of action [28] .
The use of macrophage-cell lines to study C. neoforlnansmacrophage interactions has significant advantages and disadvantages over use of primary macrophage cells. Advantages include reduced cost, a relatively homogeneous macrophagelike cell population, the absence of contaminating nonmacrophage cell types, and the ability to generate and isolate macrophage mutants. The main disadvantage of cell lines is significant differences in phenotype relative to primary cells, including continued cell division in tissue culture conditions. J774 is a well-characterized murine macrophage-like cell line that has been used to study macrophage-pathogen interactions for a wide variety of microorganisms including Brucella abortus [29] , Legionella pneumophila [30] , Mycobacterium tuberculosis [31] , and C. neoformans [28, 32] . We describe fur-ther studies of the interaction of 1774.16 cells with C. neoformans in the presence and absence of opsonins.
Materials and Methods
C. neoformans. Strains 24067 (serotype D) and 62070 (serotype A) were obtained from the American Type Culture Collection (Rockville, MD). Serotype D strain 24067 was chosen for study because it was used in prior studies of antibody-mediated protection [28, [33] [34] [35] [36] [37] , and D is the most common clinical serotype in some European countries [38] . Serotype A strain 62070 was chosen because it is representative of the most common US serotype [38] . C. neoformans strains were maintained at 4°C on Sabouraud dextrose agar (Difco, Detroit). For macrophage experiments, 50-mL cultures were grown overnight at 30°C in Sabouraud dextrose broth (Difco) in Erlenmeyer flasks with moderate shaking (125 rpm). Yeast cells were collected by centrifugation, washed three times with sterile PBS (pH 7.2), suspended in PBS, and counted by hemocytometer.
Monoclonal antibodies (MAbs). IgG 1 MAbs 2HI and 2DI0yl bind C. neoformans capsular glucuronoxylomannan [39, 40] . 2D 1Oy1 is an IgG1 switch variant of 2D 1OJ-l (IgM) isolated in vitro [40] . 2DI0J.l arose from the same pre-B cell, uses identical variable region genes, and has similar specificity to MAb 2H 1 [34] . Ascitic fluid containing MAb was obtained by injecting hybridoma cells into the peritoneal cavity of pristane-primed BALBI c mice. MAbs were purified by protein G chromatography (Pierce, Rockford, IL). Some preparations were concentrated by centrifuging in a column (Centriprep-l00; Amicon, Beverly, MA) and filtered through 0.2-J-lm pore membranes (Sigma, St. Louis). Antibody concentration was determined by ELISA [41] .
Cell culture. Studies of C. neoformans phagocytosis and killing were done with J774.16 macrophage-like cells [31, 42] and with the J774 mutant line D9, which is deficient in superoxide production [43] . Cell lines were obtained from 1. Chan and B. Bloom at our institution. J774.16 cells were grown in Dulbecco's modified Eagle medium (Mediatech, Washington, DC) with 10% heat-inactivated fetal calf serum (Bioproducts for Science, Indianapolis), 10% NCTC-109 medium (Life Technologies GIBCO BRL, Grand Island, NY), and 1% nonessential amino acids (Cellgro; Mediatech). All experiments utilized J774.16 cells stimulated with interferon-y (IFN-y) and lipopolysaccharide (LPS) as described below.
Phagocytosis assays. For studies of serum and MAb opsonization, J774.16 cells were plated at 6-8 X 10 4 cells per well in 96-well tissue culture plates (no. 3595; Costar, Cambridge, MA) and stimulated with 500 U of IFN-y (Genzyme, Cambridge, MA) and LPS (Sigma) as described [28] . Fresh serum was obtained from BALB/c mice. Opsonization by complement was studied by incubating C. neoformans cells with fresh undiluted serum at 37°C for 2 h before adding the yeast cells to J774.16 monolayers. Complement was inactivated by heating to 56°C for 30 min. MAb-mediated phagocytosis assays were done as described [28] . Briefly, MAb 2Hl was added to suspensions ofC. neoformans and J774.16 cells at an effector-to-target (E:T) ratio of 2:1, incubated for 2 h at 37°C, washed several times with PBS to remove unattached yeast cells, fixed with ice-cold absolute methanol, and stained with Giemsa (Sigma).
To determine phagocytosis, we counted the number of attached and internalized yeast cells and macrophages per microscope field at a X 400 magnification. The phagocytic index is the number of attached and ingested cryptococci divided by the number of macrophages per field. The ingestion index is the number of C. neoformans ingested per 100 J774.16 cells divided by 100. For each experiment, 12 fields (in 4 wells) were counted. The ability to distinguish ingested from extracellular organisms by light microscopy was confirmed by immunofluorescence after staining with Uvitex 3BSA (CIBA-GEIGY, Basel, Switzerland) [44] . The ability of J774.16 cells to phagocytose C. neoformans was studied as a function of MAb 2Hl concentrations of 0, 0.1, 1, 5, 10, and 20 J-lg/mL. Phagocytosis was also studied as a function of time for strains 24067 and 62070 by measuring the phagocytic and ingestion indices at 0.5, 1, 2, 3, 4, and 6 h in the presence and absence of 5 j.lg/mL MAb 2HI.
J774. 16 antifungal activity against C. neoformans. In previous studies, we demonstrated that IFN-y-and LPS-stimulated J774.16 cells can reduce colony-forming units (cfu) of C. neoformans within 2 h in the presence of capsule-specific antibody by a combination of fungicidal and fungistatic effects [28] . In this study the term "antifungal activity" describes the reduction in cfu that results from both fungicidal and fungistatic effects [28] . J774.16 assays were done exactly as described earlier [28] . The J774.16 to C. neoformans E:T ratio was 10:1. MAb concentrations were 5 J-lg/mL unless otherwise stated. C. neoformans cfu (1 cfu = 1 colony) were determined after J774.16 and C. neoformans cells were incubated 2 h in the presence and absence of antibody. Addition of MAb 2H 1 to C. neoformans suspensions followed by plating in agar after 0, 1, and 2 h of incubation did not reveal differences on cfu between antibody-treated and control yeast cell suspensions (data not shown). Thus, the reduction in cfu produced by the addition of MAb 2H 1 was not the result of aggregation or direct effects on C. neoformans viability or growth.
The contribution of nitric oxide (NO) to J774.16 antifungal activity was studied by either inhibiting NO synthase with the competitive inhibitor NG-monomethyl-L-arginine (NMMA, Sigma) or by using cell medium without L-arginine. To determine the concentration of NMMA that effectively inhibited NO production by the J774.16 cells, IFN-y -and LPS-stimulated macrophages were plated at a density of 10 5 cells per well in 96-well tissue culture plates and incubated overnight at 37°C. After this incubation, the supernatant was removed from each well, replaced with fresh medium containing 0-800 J-lM NMMA, and incubated 48 h at 37°C. The nitrate concentration in cell supernatants was measured by absorbance at 540 nm with the Griess reagent [45] . Addition of NMMA reduced nitrite production by J774.16 in a dosedependent fashion with 100% inhibition at a concentration of 800 J-lM, consistent with an earlier report for this cell line [31] . For studies of the role of NO, J774.16 cells were incubated overnight at 37°C in medium containing 800 j.lMNMMA. The cell supernatant was then replaced with fresh medium containing C. neoformans, IFN-y, and LPS, with and without 800 J-lMNMMA and MAb 2H 1, and incubated 2 h at 37°C. Cells were lysed, and the lysates were spread on agar as described [28] .
Activation of J774.16 with IFN-y and LPS results in the production of reactive oxygen species [31] . The ability of IFN-y-and LPS-stimulated J774.16 cells to produce superoxide was confirmed qualitatively by nitroblue tetrazolium assay. The contribution of reactive oxygen intermediates (ROJ) to 1774.16antifungal activity was studied by adding the ROJ scavengers superoxide dismutase (SOD), 1,4-diazabicyclo-[2-2-]octane (DABCO), catalase, and mannitol as described [31] . SOD, mannitol, catalase, and DABCO are scavengersof O 2 -, hydroxyl radicals, H 202 , and single oxygen, respectively [31] . IFN-y-and LPS-stimulated1774.16 cells were plated in the presence and absence of SOD (2.5 mg/mL), catalase (1.0 mg/mL), mannitol (50 mM), and DABCO (1 mM) and incubated overnight at 37°C. Addition ofROJ scavengers had no effect on 1774.16 cell viability as determined by trypan blue exclusion. Medium in each well was then replaced with fresh medium containing yeast cells, IFN-y, LPS, and individual ROI scavengers, and cfu were determined after incubation for 2 h.
Statistical analysis. Pair-wise comparisons between groups were done by Student's t test using a computer program (Primer of Statistics;McGraw-Hill, New York). Multivariate analysis used pair-wise comparisons by Student's t test. The Bonferroni correction was applied to P values for the number of comparisons made.
Results
MAb 2H1-mediated phagocytosis. In the absence ofMAb or serum opsonins, the phagocytic and ingestion indices for strains 24067 and 62070 were low but consistently higher for strain 62070 than for 24067 after 2 h of incubation in 5 of 6 experiments (figure lA, C show representative data). Addition of MAb 2H 1 (5 j.tg/mL) significantly increased the phagocytic and ingestion indices for both 24067 and 62070 (table I). In the presence of 5 j.tg/mL MAb 2HI, there was no significant difference in the phagocytic index of strains 24067 and 62070 in 4 of 6 independent experiments (figure IB). However, the ingestion index was significantly higher for 62070 in 5 of the 6 experiments (figure ID). To investigate whether the differences in phagocytic index between strains 24067 and 62070 resulted from kinetic differences in the internalization of yeast cells, phagocytosis was studied as a function of time in the presence and absence of MAb 2HI (figure I). In the absence of MAb 2H I, the phagocytic and ingestion indices were small, increased with time, and were consistently higher for 62070 after 2 h of incubation (figure l A, C). In the presence ofMAb 2H I, the phagocytic indices were larger than in the absence of antibody, reached a maximum at ,,-,2 h, and did not differ significantly for strains 24067 and 62070 (figure IC). However, the ingestion index for 24067 was consistently lower than that of 62070 (figure ID). Thus, 62070 was ingested more readily than strain 24067 under all conditions studied.
To further investigate the differences in phagocytosis between strains 24067 and 62070, we studied phagocytosis as a function of MAb concentration. A phagocytosis experiment with increasing MAb concentrations revealed no difference in phagocytic index between the 2 strains, except at a MAb concentration of I j.tg/mL (1.1 ± 0.36 for 24067 vs. 0.48 ± 0.18 for 62070; P < .001, Student's t test). The phagocytic index was maximal by MAb concentrations of 5 j.tg/mL (data not shown). However, the ingestion index significantly increased for both strains throughout the range of MAb 2H I concentration studied and was significantly higher for strain 62070 above 5 j.tg/mL MAb 2HI (figure 2).
Serum-mediated andMAb 2H1-mediatedphagocytosis. Incubation of C. neoformans in fresh BALB/c sera followed by coincubation with J774.16 cells resulted in significant increases in both phagocytic and ingestion indices (table I) . This effect was abolished by heat-inactivation of sera, consistent with complement-mediated opsonization. Addition of MAb 2H I significantly enhanced the phagocytic and ingestion indices beyond those observed with serum alone. For strains 24067 and 62070, addition of MAb 2H I increased ingestion indices 20-and 4-fold, respectively, over the indices measured with serum alone.
MAb 2H1-mediated enhancement ofJ774.16 antifungal activity. Addition ofMAb 2HI to suspensions ofC. neoformans and J774 .16 results in a significant reduction in cfu after 2 h of incubation as a result of fungicidal and fungistatic effects [28] . Analysis of data from 21 independent experiments (34 comparisons over I year) revealed considerable variation in the magnitude of J774. 16- IgG1 MAbs differ in their ability to enhance J774.16 antifungal activity. To learn whether differences in affinity translated into differences in the ability of antibody to enhance J774.16 antifungal activity, we compared the relative efficacy of two IgG I MAbs (2H I and 2D IO')' I), which differ in affinity [46] , in promoting reduction of strain 24067 cfu by J774.16 cells. At a concentration of 0.5 j.tg/mL, both MAbs 2HI and 2010'}'1 reduced cfu, but MAb 2HI was more effective than 2010'}'1 ( figure 3 ). When the concentration was reduced to 0.25 j.tgl ml., a significant reduction in cfu was observed only for MAb 2H I ( figure 3) .
Reactive nitrogen species and M'Ab-mediated J774.16 antifungal activity. NO and NO-related products can be fungistatic or fungicidal for C. neoformans, depending on their concentration [47] . To investigate the contribution of NO or figure 4 ). The contribution of ROIs to antibody-mediated killing by J774 cells was further investigated using the J774 mutant cell line D9, which is deficient in O 2 -production [48] . Coincubation of IFN-y-and LPS-stimulated D9 cells with C. neoformans in the presence and absence of 5 j.tg/mL MAb 2HI yielded 9960 ± 8850 and 24,400 ± 2200 cfu, respectively (P < .001).
Since neither the inhibition of NO synthesis nor addition of ROI scavengers prevented the antibody-mediated reduction in C. neoformans cfu by J774.16 cells, we studied the effects of simultaneous addition ofNMMA and all four ROI scavengers. In medium containing 0.8 mM NMMA, 2.5 mg/mL SOD, I mg/mL catalase, 50 mM mannitol, and I mM DABCO, there was a 57.3% reduction in C. neoformans cfu in wells containing J774. 16 and MAb 2HI relative to wells without MAb 2HI. This experiment (done twice) indicates that MAb-mediated J774. 16 antifungal activity against C. neoformans can occur despite inhibition of nitrogen-derived antimicrobials and addition of multiple ROI inhibitors.
Discussion
In the absence of opsonins, C. neoformans 24067 and 62070 cells rarely attached to or were ingested by INF-y -and LPSactivated J774.16 cells. Incubation of C. neoformans with serum resulted in a significant increase in the attachment and ingestion of both 24067 and 62070. Heating BALB/c serum to 56°C eliminated its opsonic activity, indicating that the serum opsonins were derived from the complement system. Addition of 5 j.tg/mL MAb 2H I resulted in a significant increase in phagocytosis over that seen with serum opsonization. At a concentration of 5 j.tg/mL, MAb 2HI was a more potent opsonin than was fresh serum, and the combination of serum opsonization and MAb 2HI did not produce a greater phagocytic index than observed with MAb 2H I alone. Differences in serum and MAb 2H I opsonization may reflect the relative binding of antibody and complement proteins to the fungal capsule, the number of complement and Fc receptors of J774.16 cells, or the relative affinity of these opsonins for their respective receptors. Caution in generalizing these results is required: Complement and Fc receptor density can vary greatly depending on the state of cytokine activation [13, 49J, antibody-mediated phagocytosis is dependent on the concentration of antibody [28] , and there are significant differences in complement activation [50] and MAb epitope density between C. neoformans strains [51] .
The process of phagocytosis has been divided into attachment and ingestion phases [52] . In the present study, the phagocytic index included attached and ingested yeasts, whereas the ingestion index included only internalized yeasts. Incubation ofC. neoformans and J774.16 cells in the presence ofMAb 2HI significantly increased yeast cell attachment to and ingestion of yeast cells to J774.16 cells for both strains 24067 and 62070. Strain 24067 was more resistant to ingestion than was 62070 throughout a range of MAb 2H I concentrations and incubation times, suggesting intrinsic strain differences in susceptibility to antibody-mediated ingestion. In contrast to the ingestion index, the phagocytic index was a relatively insensitive parameter for discriminating among the qualitatively different interactions of strains 24067 and 62070 with J774.16 cells. Thus, the reported differences in the susceptibility of C. neoformans strains to phagocytosis with serum opsonization [53] were con- firmed. Our findings extend this phenomenon to antibody-mediated phagocytosis and suggest that the ingestion index is a more discriminatory parameter for distinguishing among subtle differences in C. neoformans-macrophage interactions than the phagocytic index. In the absence of MAb 2H 1 opsonization, incubation of IFNy-and LPS-stimulated J774.16 cells with strain 24067 resulted in statistically significant cfu reductions (P < .05) in only 26.6% of 21 independent experiments. Since there was little or no ingestion in the absence of MAb 2H 1, cfu reductions in the absence of MAb reflect extracellular antifungal activity by J774.16 cells. The variation in the magnitude of cfu reductions by J774.16 cells may reflect uncontrolled variables, such as subtle differences in the metabolic state of J774.16 or C. neoformans cells. Granger et al. [9] reported similar interexperimental variation; however, some researchers have found antifungal activity by IFN-y-stimulated murine macrophages [47] but others have not [54] .
Addition of MAb 2Hl to suspensions of J774.16 cells and C. neoformans consistently reduced cfu relative to suspensions without antibody. Addition ofMAb 2Hl to C. neoformans had no measurable effect on cfu, indicating that antibody-mediated agglutination did not contribute to the reduction in cfu and that MAb 2H 1 had no direct toxic effect on yeast cells. Since the addition ofMAb 2Hl enhanced attachment and internalization of C. neoformans by J774.16 cells, these results suggest that macrophage antifungal mechanisms are more effective against ingested or attached yeast cells than against external, unattached yeast cells. In the presence of MAb 2H 1, the reductions in cfu produced by incubation of J774.16 with strains 24067 and 62070 were comparable even though strain 62070 was more easily ingested than strain 24067.
The IgG 1 MAbs 2H 1 and 201 Oy1 use the same variable gene elements, trace their ancestry to the same B cell [34] , and share the same idiotype [55] but differ in affinity, presumably as a result of several amino acid differences resulting from somatic mutations [46] . Hence, this MAb pair provides the opportunity to study the role of affinity in antibody efficacy. Both MAb 2Hl and 2DI0yl enhanced 1774 antifungal activity at 0.5 J-lg/mL. However, at 0.25 J-lg/mL, only MAb 2Hl produced statistically significant reductions in cfu relative to 1774.16 cells without MAb. The efficacy ofMAb 2Hl at low concentrations is consistent WIth its higher affinity relative to MAb 2D 1Oy 1. This finding suggests that higher affinity antibodies may be more effective against C. neoformans in tissue compartments where antibody concentration is low (e.g., cerebrospinal fluid). IFN-y-stimulated 1774.16 cells produce NO, which can be inhibited by competitive inhibitors of nitrogen synthase, such as NMMA. Nitrite synthesis requires L-arginine [56] . Immune complexes composed of antibody and C. neoformans polysaccharide can enhance the release of NO from 1774.16 cells [57] . Since NO is fungistatic at low concentrations and fungicidal at high concentrations [47] , we hypothesized that inhibition ofNO synthase by NMMA or by growth in medium without L-arginine would reduce antibody-mediated 1774.16 antifungal activity. However, cfu reductions were comparable in the presence and absence of NO synthase inhibition, indicating effective antibody-mediated antifungal activity by IFN-y-and LPS-activated 1774.16 cells against C. neoformans in the absence of NO and nitrogen-related antimicrobial products. The role of ROIs in macrophage fungistatic and fungicidal activity against C. neoformans is uncertain. At high concentrations H 2 0 2 is fungicidal to C. neoformans [7, 58] . A role for ROIs is suggested by defective killing of yeast cells by neutrophils from patients with chronic granulomatous disease [58] . However, Flesch et al. [59] demonstrated that murine macrophages killed C. neoformans extracellularly by secreted fungicidal proteins independent ofROI, and Levitz and DiBenedetto [60] showed killing of complement-opsonized C. neoformans by murine bronchoalveolar macrophages in the presence of ROI scavengers.
In our experimental system, addition of SOD, catalase, mannitol, or DABCO (as scavengers of O 2 -, H 202 , hydroxyl radical, and singlet oxygen, respectively) did not prevent antibodymediated reduction in C. neoformans cfu by J774.16 cells. Superoxide-deficient 09 cells effectively reduced cfu in the presence of MAb 2H 1. J774.16 cells effectively reduced C. neoformans cfu even when inhibitors of both oxygen-and nitrogen-reactive species were present simultaneously. Although suggestive, these results are not conclusive regarding the contribution ofROI inhibitors to J774.16 antifungal activity, because ROI scavenging could have been incomplete. The results indicate redundancy in the antifungal mechanisms of IFN-1~and LPS-stimulated J774.16 cells. This is not surprising because murine macrophages have a diverse array of antimicrobial mechanisms, including fungicidal proteins, phagosome acidification, lysosomal enzymes, lactoferrin, and amino acid degrading enzymes. Lysozyme can be fungicidal to C. neoformans [61] . IFN-1 stimulation of murine macrophages and J774 cells results in the production of microbicidal proteins that are fungicidal for C. neoformans [62] . Our results suggest that nonoxidative microbicidal systems are important in antibody-mediated J774.16 antifungal activity against C. neoformans.
In summary, there are significant quantitative and qualitative differences in the interaction of C. neoformans strains with the macrophage-like J774.16 cell line in the presence and absence of antibody and complement-derived opsonins. The addition ofMAb 2H 1 consistently enhanced J774.16 cell activity against C. neoformans. The biologic relevance of the observations with J774.16 cells must await correlative studies with murine virulence and antibody efficacy in vivo for multiple C. neoformans strains. The results indicate that the J774.16 cell line provides a consistent and reliable in vitro system for studying and dissecting C. neoformans interactions with murine macrophages.
